Emerging evidence has shown that resting quiescent hematopoietic stem cells (HSCs) prefer to utilize anaerobic glycolysis rather than mitochondrial respiration for energy production. Compelling evidence has also revealed that altered metabolic energetics in HSCs underlies the onset of certain blood diseases; however, the mechanisms responsible for energetic reprogramming remain elusive. We recently found that Fanconi anemia (FA) HSCs in their resting state are more dependent on mitochondrial respiration for energy metabolism than on glycolysis. In the present study, we investigated the role of deficient glycolysis in FA HSC maintenance. We observed significantly reduced glucose consumption, lactate production, and ATP production in HSCs but not in the less primitive multipotent progenitors or restricted hematopoietic progenitors of Fanca −/− and Fancc −/− mice compared with that of wild-type mice, which was associated with an overactivated p53 and TP53-induced glycolysis regulator, the TIGAR-mediated metabolic axis. We utilized Fanca −/− HSCs deficient for p53 to show that the p53-TIGAR axis suppressed glycolysis in FA HSCs, leading to enhanced pentose phosphate pathway and cellular antioxidant function and, consequently, reduced DNA damage and attenuated HSC exhaustion. Furthermore, by using Fanca −/− HSCs carrying the separation-of-function mutant p53 R172P transgene that selectively impairs the p53 function in apoptosis but not cell-cycle control, we demonstrated that the cell-cycle function of p53 was not required for glycolytic suppression in FA HSCs. Finally, ectopic expression of the glycolytic rate-limiting enzyme PFKFB3 specifically antagonized p53-TIGAR-mediated metabolic reprogramming in FA HSCs. Together, our results suggest that p53-TIGAR metabolic axis-mediated glycolytic suppression may play a compensatory role in attenuating DNA damage and proliferative exhaustion in FA HSCs. STEM CELLS 2019;37:937-947
INTRODUCTION
Fanconi anemia (FA) is a rare inherited disease characterized by bone marrow (BM) failure and high risk of neoplasia including leukemia from dysfunctional hematopoietic stem cells (HSCs; [1, 2] ). FA is genetically heterogeneous with at least 22 genes (FANCA-W) identified thus far [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The hematologic complications of FA are nearly universal among patients with FA and defects in HSCs have been postulated as the root cause of BM failure and leukemia in FA [6, 12] . Emerging evidence suggests that dysregulated energy metabolism is one possible mechanism underlying FA HSC defect. For example, compared with wildtype (WT) HSCs, FA HSCs are more dependent on oxidative phosphorylation (OXPHOS) relative to glycolysis for energy metabolism and undergo glycolysis-to-OXPHOS switch in response to oxidative stress through a p53-dependent mechanism [12] . However, how p53 regulates energy metabolism in FA HSCs is not well defined.
The role of p53 in tumor suppression is well known and loss of p53 function can lead to cancer [13, 14] . Although p53 mutations are common in solid tumors, such mutations are found at lower frequencies in hematologic malignancies [15, 16] . Recent studies have shown that p53 plays a crucial role in hematopoiesis by regulating HSC self-renewal and quiescence [17] [18] [19] [20] . p53 is also a key regulator of cellular energy metabolism [21] [22] [23] . For example, p53 can inhibit glycolysis through transcriptional activation of its target gene TP53-induced glycolysis regulator (TIGAR; an inhibitor of the fructose-2,6-bisphosphate) [24] . However, since HSCs predominantly utilize glucose for energy metabolism, how p53 functions in glycolytic regulation in the context of HSC homeostasis is not known.
TIGAR shares functional sequence similarities with the bisphosphatase domain (FBPase-2) of the bi-functional enzyme phosphofructokinase (PFK)-2/FBPase-2 (6-phosphofructo-ekinase/fructose-2,6-bisphosphatase), which degrades fructose-2,6-bisphosphate (Fru-2,6-BP; [25] ). TIGAR causes a decline in Fru-2,6-BP levels in cells, resulting in glycolysis inhibition and an overall decrease in intracellular reactive oxygen species (ROS) and thus directing the pathway into the pentose phosphate shunt to produce NADPH [24, 26] . We propose that the p53-TIGAR axis may be responsible for the suppression of glycolysis in FA HSCs that we previously observed. In the present study, we have used the Fanca −/− , p53 −/− , and p53 −/− Fanca −/− knockout mouse models to show that p53-TIGAR-mediated glycolytic suppression attenuates ROS production, reduces DNA damage, ameliorates chromosomal instability, and consequently prevents premature exhaustion of FA HSCs. Our findings reveal a novel function of the p53-TIGAR metabolic axis in the maintenance of FA HSCs.
MATERIALS AND METHODS

Animals
Fanca +/− , Fancc +/− , and p53 R172P mice were generously provided by Dr. Madeleine Carreau (Laval University), Dr. Manuel Buchwald (Hospital for Sick Children, University of Toroto), and Dr. Guillermina Lozano (University of Texas M.D. Anderson Cancer Center), respectively [27] [28] [29] . p53 −/− Fanca −/− and p53 R172P Fanca −/− mice were generated by interbreeding the heterozygous Fanca +/− with p53 +/− mice (C57BL/6: B6, CD45.2 + ; the Jackson Laboratory, Bar Harbor, ME; [30] ) or heterozygous Fanca +/− with p53 R172P mice. Eight-to 12-week-old animals were used for all the experiments. All the animals including BoyJ (C57BL/6: B6, CD45.1 + ) recipient mice were maintained in the animal facility at West Virginia University (WVU) Health Science Center. All experimental procedures conducted in this study were approved by the Institutional Animal Care and Use Committee of WVU.
Flow Analysis and Cell Sorting
Femurs and tibias were flushed to dissociate the BM fraction. Cells were resuspended in 5 ml of phosphate-buffered saline (PBS)/0.5% bovine serum albumen (BSA) and filtered through a 70-μm filter (BD Biosciences, catalog no. 3523350, San Jose, CA). The mononuclear cells were isolated by Ficoll-Paque (GE Healthcare, catalog no. 95040-394, Pittsburgh, PA) gradient centrifugation. The following antibodies were used for flow cytometry analyses: APC-Cy7-anti-c-kit (BioLegend, catalog no. 105825, San Diego, CA), PE-Cy7-anti-Sca-1 (BD Biosciences, catalog no. 105825), APC-anti-CD150 (BioLegend, catalog no. 115909), Pacific Blue-anti-CD48 (BioLegend, catalog no. 103417), and PEanti-CD45.1, APC-anti-CD45.2 (both from BD Biosciences, catalog nos. 553776 and 558702). For Lineage − Sca-1 + c-kit + (LSK) staining, cells were incubated by the biotin conjugated antilineage antibody cocktail (BioLegend, catalog no. 133307) followed by staining with a secondary PerCP-Cy5.5 anti-Streptavidin antibody (BioLegend, catalog no. 405214), PE-Cy7-anti-Sca-1 antibody (BD Biosciences), and APC-Cy7-anti-c-kit antibody (BD Biosciences). To measure long-term HSC subpopulation, cells were stained with LSK antibodies in addition to CD150-APC and CD48-Pacific blue (both from BioLegend, catalog nos. 115909 and 103417). Flow cytometry was performed on LSRFortessa (BD Biosciences) and analysis was done with FCS Express 6 software (De Novo Software, Los Angeles, CA). For the cell sorting, lineage negative cells were enriched using lineage depletion reagents (Miltenyi Biotec, catalog no. 130-090-858, Auburn, CA) according to the manufacturer's instruction. The Lin + or LSK (Lin − c-kit + Sca-1 + ) fractions were acquired by using the fluorescence-activated cell sorting (FACS) Aria II sorter (BD Biosciences).
To detect reactive oxygen species (ROS) level, surface marker stained cells were washed with PBS twice followed by incubation with H 2 DCFDA working solution (10 μM H 2 DCFDA in prewarmed PBS; Molecular Probes, catalog no. D399, Eugene, OR) at 37 C for 15 minutes. H 2 DCFDA intensity was analyzed by flow cytometry.
For cell-cycle analysis, surface marker stained cells were fixed and permeabilized using Cytofix/Cytoperm buffer (BD Phar-Mingen, catalog no. 554722, San Jose, CA) followed by intensive wash using Perm/Wash Buffer (BD PharMingen, catalog no. 554723). Cells were then labeled with Pyronin Y staining buffer (150 ng/ml Pyronin Y in Perm/Wash buffer; Sigma-Aldrich, catalog no. 92-32-0, St. Louis, MO) at 37 C for 1 hour followed by flow cytometry analysis on CD45.2 + signaling lymphocyte activation molecule (SLAM) (Lin − Sca1 + c-kit + CD150 + CD48 − ) gated population.
For γ-H2AX staining, surface marker stained cells were fixed and permeabilized using Cytofix/Cytoperm buffer (BD Phar-Mingen, catalog no. 554722) followed by intensive wash using Perm/Wash Buffer (BD PharMingen, catalog no. 554723). Cells were then blocked with 2% BSA/PBS for 20 minutes at room temperature in dark followed by incubation with primary antiγ-H2AX antibody (biotin-conjugated, Millipore, catalog no. , Billerica, MA). After washing, cells were then incubated with secondary FITC-anti-streptavidin antibody (BD Pharmingen, catalog no. 554060) and analyzed by flow cytometry analysis.
For lineage differentiation, single-cell suspensions were incubated with various combination of the following cell-surface marker antibodies: CD45.2-FITC, Gr1-APC, Mac1-PE-Cy7, CD45.2-APC, CD3e (all from BD PharMingen, catalog nos. 553772, 553129, 552850, 558702, and 553062), and B220-PE (eBioscience, catalog no. 12-0452-85). Immunolabeled cells were analyzed by flow cytometry. CA) according to the manufacturer's instructions, respectively. Intracellular adenosine triphosphate (ATP) levels and fructose-6-phosphate (F6P) levels were determined in cell lysates using the ATP Bioluminescent Somatic Cell Assay Kit and Fructose-6-Phosphate Assay Kit (Sigma-Aldrich, catalog nos. FLASC and MAK020) following the manufacturer's instructions.
Measurements of Fru-2,6-P2 Level, NADPH/NADP + Ratio, and Intracellular GSH Level PBS-washed cells were lysed in NaOH/Tris acetate by heating at 80 C for 5 minutes. Lysates were neutralized to pH 7.2 by adding ice-cold acetic acid and HEPES (both from Sigma-Aldrich, catalog nos. A6283 and H3375). Fru-2,6-P2 concentration was determined using the previously described method [31, 32] . NADPH/NADP + ratios were determined by using an enzymebased colorimetric reaction kit (NADP + /NADPH Quantification Kit, BioVision, catalog no. K347-100, Milpitas, CA).
Intracellular reduced glutathione (GSH) levels were measured enzymatically with GSH reductase [33] using the BIOXYTECH GSH-400 Kit (Oxis Research, catalog no. 21011, Abingdon, Oxfordshire, U.K.) according to the manufacturers' instructions. Briefly, cells from the indicated mice were washed and lysed in 0.9 ml of 100 mM Tris-Cl by freeze-thaw cycling. Supernatants from the cells' suspension after centrifugation were transferred to Eppendorf tubes containing 0.1 ml of 30% 5-sulfosalicyclic acid and incubated on ice for 15 minutes. Cell extracts were then centrifuged for 2 minutes at 12,000 rpm to get the supernatants. Protein concentration was assessed through the BioRad protein assay (Bio-Rad, catalog no. 5000002, Hercules, CA). GSH levels per 100 μl sample were then measured spectrophotometrically by conversion of 5,5 0 -dithio-bis (2-nitrobenzoic acid) to its colored product upon reduction by GSH-dependent GSH reductase and expressed as nmol GSH/mg protein.
Western Blotting
Thirty thousand LSK cells from indicated mice were washed with ice-old PBS and lysed in an ice-cold lysis buffer containing 50 mM Tris-HCl (pH 7.4), 0.1% NP40, and 1 M NaCl supplemented with protease and phosphatase inhibitors (10 μg/ml of aprotinin, 25 μg/ml of leupeptin, 10 μg/ml of pepstatin A, 2 mM phenylmethylsulfonyl fluoride, 0.1 M NaP 2 O 4 , 25 mM NaF, and 2 mM sodium orthovanadate) for 30 minutes on ice. Cell debris was removed from the lysate by centrifugation. Protein lysate was resolved on SDS-PAGE and transferred onto nitrocellulose membranes. Immunoblots were then probed with primary antibodies for TIGAR (clone ab189164; Abcam, Cambridge, MA), total p53 (clone pAb240; Calbiochem), p53-S18 (clone ab1431; Abcam, Cambridge, MA), γ-H2AX (NB100-384, Novus, Littleton, CO), and β-actin (Sigma-Aldrich, catalog no. A5316) for 12-16 hours at 4 C. Signals were visualized by incubation with anti-mouse secondary antibody, followed by enhanced chemiluminescence (Amersham Biosciences, catalog no. RPN2106, Pittsburgh, PA).
Quantitative Polymerase Chain Reaction
Total RNA was extracted using RNeasy Kit (Qiagen, catalog no. 74104, Valencia, CA) following the manufacturer's procedure. Reverse transcription was carried out at 42 C for 60 minutes and stopped at 95 C for 5 minutes using random hexamers and Superscript II RT (Invitrogen, catalog no. 18064014, Grand Island, NY). First-strand cDNA was used for real-time polymerase chain reaction (PCR) using primers listed in Supporting Information Table S1 . Samples were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA.
Chromosomal Breakage Analysis
Chromosomal breakage analysis was performed on LSK cells from WT, Fanca −/− , p53 −/− , and p53 −/− Fanca −/− mice as previously described [34] . In brief, cells were treated with 0.05 mg/ml Colcemid (Invitrogen, catalog no. 15210-016) for 1.5 hours followed by 0.4% KCl hypotonic solution at 37 C for 20 minutes. Cells were then fixed with methanol and acetic acid (Sigma-Aldrich, catalog no. A6283) at 4 C for 15 minutes and dropped onto microscope slides. The cells were then rinsed with isoton stained with Giemsa for 5 minutes. The slides were then rinsed with Gurr Buffer (CTL Scientific, catalog no. 50-300-398, Deer Park, NY) and Milli-Q-filtered deionized water. Fifty cells from each sample were scored for chromosome aberrations.
Lentiviral Vector Construction, Virus Production, and Transduction
To generate lentiviral expression vectors for TIGAR and PFKFB3, the TIGAR cDNA was amplified from transomic plasmid OMu13565 and PFKFB3 cDNA was amplified from transomic plasmid OMu19009 (both were from GenScript, Piscataway Township, NJ), respectively, and cloned into the pLVX-IRES-mCherry vector (Clontech, catalog no. 631237, Mountain View, CA).
Lentivirus was produced in 293 T cells after transfection of 20 μg plasmid, 15 μg pCMVΔ8.91 helper plasmid, and 6 μg pMD.G [35] using standard calcium phosphate transfection procedures. Fresh medium change was performed 12 hours after transfection. Supernatants from the cell-culture were collected 48 hours after transfection, filtered through 0.45 μm pore-size filters, and concentrated at 25,000 rpm for 2.5 hours at 4 C to harvest viral particles. Virus pellet was resuspended in sterile PBS and stored at −80 C.
For lentivirus transduction, the sorted LSK cells from WT, p53 −/− , Fanca −/− , and p53 −/− Fanca −/− were maintained in StemSpan Serum-Free Expansion Media (StemCell Technologies, catalog no. 09600, Vancouver, BC, Canada) supplemented with 50 ng/ml stem cell factor and 50 ng/ml thrombopoietin (both from Peprotech, catalog nos. 500-P71 and 315-14, Rocky Hill, NJ) for 24 hours before transduction. A multiplicity of infection of 5 were used for TIGAR or PFKFB3 overexpression. After overnight transduction, cells were cultured in the presence of 0.5 mg/ml polybrene and refed with fresh medium the next day. Transduced cells were used in further assays at least 3-4 days after transduction.
BM Transplantation
For competitive repopulating units (CRUs), serial dilutions of LSK cells (CD45.2 + ) transduced with mCherry or mCherry-TIGAR lentivirus (25, 75, 150 , and 250 mCherry + cells) were mixed with 2 × 10 5 protector BM cells from congenic mice (BoyJ) and injected into lethally irradiated (11.75 Gy) BoyJ mice (CD45.1 + ). The CRU frequencies were then calculated from the proportions of negative mice (<1% donor engraft). Poisson statistics at 8 weeks and 16 weeks post-transplantation was performed using the L-Calc software (StemCell Technologies).
For 939 (CD45.2 + ), mixed with 200,000 c-kit-depleted protector cells, were transplanted into lethally irradiated BoyJ mice. Sixteen weeks after BM transplantation, the recipients were subjected to flow cytometry analysis for donor-derived cells. For secondary BM transplantation, one million BM cells from the primary recipient mice were pooled and transplanted into sublethally irradiated (7.0 Gy) secondary CD45.1 + recipient mice. Four months later, donor blood chimera was determined by staining peripheral blood (PB) samples with APC-CD45.2 (BD Biosciences, catalog no. 558702) and analyzed on a FACS canto instrument (BD Biosciences).
Statistics
Statistical analysis was done using a standard t test (Prism v6.0). The level of the statistical significance stated in the text was based on the p values. p < .05 was considered statistically significant.
RESULTS
FA HSCs Exhibit Reduced Glycolysis
To examine the role of glycolysis in FA HSC maintenance, we first compared glycolytic flux in different hematopoietic cell We found that glucose consumption rate in FA HSCs (Lin − Sca1 + c-kit + CD150 + CD48 − ) was significantly lower than those in WT HSCs (Fig. 1B) , whereas the glucose usage in less primitive multipotential progenitors (MPPs; Lin − Sca1 + c-kit + CD150 − CD48 − ), restricted hematopoietic progenitor cells (HPCs; Lin − Sca1 + ckit + CD150 − CD48 + and Lin − Sca1 + c-kit + CD150 + CD48 + ), and Lin + cells were comparable among the three genotypes (Supporting Information Fig. S1A ). Similar reduction was observed in lactate production (Fig. 1C ) and intracellular ATP level (Fig. 1D ) in FA HSCs in comparison to WT HSCs but not in MPPs, HPCs, or Lin + cells from Fanca −/− or Fancc −/− mice (Supporting Information Fig. S1B, S1C) .
It is known that glycolysis is tightly regulated by a series of enzymes and that crucial adjustments in glycolytic flux are set by the intracellular levels of fructose-2,6-bisphosphate (Fru-2,6-BP), which is controlled by a family of bifunctional enzymes, the 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB), including PFKFB3 and TIGAR [36, 37] . PFKFB3 has a much higher kinase activity than bisphosphatase activity, thus favoring the production of Fru-2,6-BP, whereas TIGAR functions as a fructose-2,6-bisphosphatase, thus decreasing the intracellular levels of Fru-2,6-BP ( Fig. 1E ). Thus, we measured the expression of the genes encoded for several key enzymes of the glycolysis pathway in WT and FA HSCs. Although there were no significant changes in the expression of HK1, GPI1, PFKFB3, PFK1, and PKM1, we observed a significantly (>twofold) increased expression of TIGAR in Fanca −/− and Fancc −/− HSCs compared with that in WT HSCs (Fig. 1F ). In addition, TIGAR protein levels in FA HSCs were also found markedly increased in LSK cells from Fanca −/− and Fancc −/− mice (Fig. 1G) . Accordingly, fructose-6-phosphate (F6P) was increased in FA hematopoietic stem progenitor cells (HSPCs) (Supporting Information Fig. S2) . These results indicate a correlation between upregulated TIGAR and reduced glycolysis in FA HSCs.
p53-Dependent Suppression of Glycolysis in FA HSCs
Since p53 regulates glycolysis and since TIGAR is a p53 target, we then attempted to delete the p53 gene in Fanca −/− mice and determined the role of p53-TIGAR axis in glycolytic suppression and HSC maintenance in FA. We first determined p53 levels in BM LSK cells from mice of four genotypes (WT, Fanca −/− , p53 −/− , and Fanca −/− p53 −/− double knockout [DKO]) produced from the Fanca +/− × p53 +/− cross. The level of p53 protein in Fanca −/− LSK cells was substantially higher than that in WT cells and no p53 was detected in p53 −/− and Fanca −/− p53 −/− DKO HSPCs ( Fig. 2A) . Consistently, Fanca −/− HSPCs showed increased TIGAR compared with WT cells, which was not expressed in p53 −/− and Fanca −/− p53 −/− DKO HSPCs ( Fig. 2A) suggesting that the expression of TIGAR is dependent on p53.
Consistent with increased TIGAR expression, the levels of F-2,6-BP were significantly lower in Fanca −/− HSCs but higher in p53 −/− HSCs compared with that in WT HSCs (Fig. 2B ). Deletion of p53 in Fanca −/− HSCs also increased the levels of F-2,6-BP ( Fig. 2B ). Furthermore, loss of p53 not only abolished the inhibitory effect of Fanca deficiency but also further boosted glucose uptake ( Fig. 2C ) and lactate production ( Fig. 2D) . These results suggest a novel metabolic reprogramming by which FA deficiency collaborates with p53 in suppressing glycolysis.
p53-TIGAR Attenuates ROS, DNA Damage, and Chromosomal Instability in FA HSPCs
To understand the role of p53-TIGAR-mediated glycolytic suppression in FA HSCs, we first determined p53 activation in Fanca −/− HSPCs. We observed increased phosphorylation of p53 at Serine 18 (p53 Ser18 ), an established marker for p53 activation [38, 39] , in Fanca −/− BM LSK cells compared with WT cells (Fig. 3A) .
To specifically explore the function of TIGAR in glycolytic suppression in the context of FA cellular deficiency, we ectopically expressed mCherry or mCherry-TIGAR in WT, Fanca −/− , p53 −/− , and Fanca −/− p53 −/− DKO LSK cells (Fig. 3B ). Quantitative PCR (q-PCR) analysis shows that the sorted mCherry + cells overexpressed TIGAR (Fig. 3C ). Since TIGAR suppresses glycolysis and promotes the pentose phosphate pathway (PPP), leading to increase in NADPH production and reduction of reactive oxygen species (ROS) [40] , we first measured intracellular ROS level. Flow cytometry analysis showed that ROS levels in p53 −/− and p53 −/− Fanca −/− DKO HSCs were remarkably higher than those in WT and Fanca −/− controls (Fig. 3D ). Forced expression of TIGAR markedly reduced ROS production in p53 −/− and p53 −/− Fanca −/− DKO HSCs (Fig. 3D ). TIGAR expression also reduced ROS in WT and Fanca −/− cells, albeit not statistically significant when compared with their mCherry controls (Fig. 3D) . Consequently, ectopic expression of TIGAR markedly reduced DNA damage in p53 −/− and p53 −/− Fanca −/− DKO HSPCs and, to a less extend in Fanca −/− cells, as determined by immunoblotting for γ-H2AX, a robust marker of DNA double-strand breaks ( [41] ; Fig. 3E ). Furthermore, overexpression of TIGAR significantly reduced spontaneous chromosomal breakage in Fanca −/− , p53 −/− , and p53 −/− Fanca −/− DKO LSK cells (Fig. 3F) .
It is well established that TIGAR has fructose-2,6-bisphosphatase activity, which depletes Fru-2,6-BP, resulting in inhibition of glycolysis and thus directing the pathway into the pentose phosphate shunt to produce NADPH and reduce ROS [24, 26] . Indeed, overexpression of TIGAR enhanced the PPP and cellular antioxidant function in Fanca −/− , p53 −/− , and p53 −/− Fanca −/− DKO HSPCs evidenced by increased NADPH/NADP + ratio and intracellular GSH level in TIGAR-expressing cells compared with the cells expressing mCherry only (Fig. 3G, 3H ). Together, these findings indicate that p53-TIGAR-mediated glycolytic suppression attenuates DNA damage and chromosomal instability in FA HSPCs through promoting the PPP pathway and enhancing cellular antioxidant function.
p53-TIGAR Ameliorates Exhaustion of FA HSCs
To determine the role of p53-TIGAR in FA HSC function, we first performed a well-established CRU assays using limiting dilutions of LSK cells expressing mCherry or mCherry-TIGAR from WT, Fanca −/− , p53 −/− , and Fanca −/− p53 −/− DKO mice. Increasing doses of transduced LSK cells (25, 75, 150 , and 250 mCherry + cells) along with protector BM cells were transplanted into lethally irradiated BoyJ mice. PB samples were collected at 8 and 16 weeks post-transplantation and analyzed for donor engraftment. Consistent with previous report, in which the reduced long-term repopulation of p53 −/− SLAM was shown by a CRU assays [42] , we constantly observed the decreased donorderived cells in both primary and secondary recipients injected with p53 −/− LSK cells 4 months post-bone marrow transplant, which can be arguably considered long-term repopulation. Poisson statistical analysis at 8 weeks post-transplant showed >fivefold reduction in CRUs in DKO mice than in WT mice (CRUs: 1 in 28 for WT-mCherry compared with 1 in 142.9 for DKO-mCherry; Fig. 4A ). This reduction in CRUs in DKO mice was found further increased mice were transduced with lentiviral vector expressing mCherry or mCherry-TIGAR. Flow plots after FACS sorting for mCherry are shown. The sorted mCherry + cells were then subjected to ex vivo expansion for 72 hours followed by the analyses described below. (C): Expression of TIGAR in transduced HSCs. RNA was extracted from mCherry + SLAM cells described in (B) were subjected to quantitative polymerase chain reaction analysis for TIGAR expression. Samples were normalized to the level of GAPDH mRNA. (D): Overexpression of TIGAR reduces ROS level in HSCs. Cells described in (B) were gated for mCherry + SLAM population and subjected to flow cytometry analysis for ROS. Representative plots (left) and quantification (right) are shown. (E): Overexpression of TIGAR reduces DNA damage in FA HSPCs. WCLs were extracted from mCherry + cells described in (B) followed by Western blotting using antibodies against γ-H2AX and β-actin. 1; Fig. 4A ). These results indicate that the p53-TIGAR metabolic axis plays an important role in ameliorating exhaustion of FA HSCs, a hallmark of FA BM failure [6, 42] .
We next performed serial BM transplantation experiments by transplanting 1,000 mCherry + LSK cells into lethally irradiated syngeneic recipient mice. We found that overexpression of TIGAR significantly improved the repopulating capacities of Fanca −/− , p53 −/− , and Fanca −/− p53 −/− DKO HSCs in primary recipient mice at 16 weeks post-transplantation ( Fig. 4B ). Noticeably, alteration of p53-TIGAR axis did not affect lineage differentiation in the recipient mice (Supporting Information Fig. S3 ). Similar results were observed in secondary transplantation, in which TIGAR enhanced the repopulating capacity of the donor-derived Fanca −/− , p53 −/− , and Fanca −/− p53 −/− DKO HSCs, as compared with mCherry controls (Fig. 4C ). Significantly, overexpression of TIGAR reduced the levels of γH2AX in donor-derived Fanca −/− , p53 −/− , and Fanca −/− p53 −/− DKO HSCs (Fig. 4D ). Furthermore, cell-cycle analysis showed that TIGAR-expressing Fanca −/− , p53 −/− , or p53 −/− Fanca −/− HSCs were more quiescent than those expressing mCherry only (Fig. 4E ). Therefore, these data suggest that p53-TIGAR attenuates FA HSC exhaustion by reducing DNA damage and maintaining HSC quiescence.
p53-Dependent Cell-Cycle Control Is Not Required for TIGAR-Mediated Metabolic Reprogramming
Because deletion of p53 reduced the quiescence of Fanca −/− HSCs (Fig. 4E) , we wondered if the effect of TIGAR was specifically dependent on the cell-cycle function of p53. We recently demonstrated a cell-cycle-specific function of p53 in FA HSPC proliferation [42] , using a mutant p53 mouse strain harboring a separation-of-function mutation in p53, p53 R172P , in which its apoptotic function is disturbed but its cell-cycle checkpoint activities remain intact [28] . Thus, we crossed the p53 R172P strain to Fanca −/− mice and transduced LSK cells from the mice of the resulting four genotypes (WT, Fanca −/− , p53 R172P , and Fanca −/− p53 R172P ) with lentivirus expressing mCherry-TIGAR or mCherry alone. Similar to p53-null mutation, we found that p53 R172P mutation significantly increased glucose consumption in Fanca −/− HSCs and that forced expression of TIGAR reduced glucose consumption to near WT levels (Fig. 5A) . Similar results were obtained with the measurements of PFK1 activity (Fig. 5B ), intracellular ROS (Fig. 5C ), and DNA damage (Fig. 5D ). These data indicate that the cell-cycle function of p53 is not required for TIGAR-mediated metabolic reprogramming in HSCs.
PFKFB3 Specifically Antagonizes p53-TIGAR Metabolic Function in FA HSCs
Both TIGAR and another rate-limiting enzyme, PFKFB3, play critical roles in controlling glycolytic flux, which is adjusted by the level of fructose 2,6-bisphosphate (F2,6BP). F2,6BP activates PFK1 and is by itself synthesized and degraded by a family of biofunctional enzymes, the PFKFB [43] . Of all PFKFB isoenzymes, PFKFB3 exhibits a much higher (700-fold) kinase activity than bisphosphatase activity, thus favoring F2,6BP production and controlling its abundance [37, 44] . On the other hand, TIGAR functions as a fructose-2,6-bisphosphatase and therefore lowering the activity of PFK1 and flux through the main glycolytic pathway, leading to increase in fructose-6-phosphate [16, 17, 40] . Given its closely relative role in regulating glycolytic flux, we wondered whether increased expression of PFKFB3 could counteract p53-TIGAR function in FA HSCs. Ectopic expression of PFKFB3 in WT and Fanca −/− , p53 −/− , and DKO LSK cells was achieved by lentiviral transduction (Fig. 6A,  6B ). We found that overexpression of PFKFB3 increased F2,6BP levels in WT and Fanca −/− SLAM cells but had no further effect on F2,6BP in p53 −/− or DKO HSCs (Fig. 6C ). Consistently, PFK1 activity was increased in PFKFB3-overexpressing WT or Fanca −/− HSPCs but not in p53 −/− or DKO cells (Fig. 6D ). Furthermore, overexpression of PFKFB3 decreased intracellular levels of GSH in WT and Fanca −/− mCherry + cells but not in HSPCs deleted for p53 (p53 −/− and DKO; Fig. 6E ). Consequently, intracellular ROS were significantly increased in PFKFB3-overexpressing WT or Fanca −/− HSCs but not in p53-deficient cells (Fig. 6F) . These results indicate that PFKFB3 specifically antagonizes p53-TIGAR metabolic function in HSCs.
DISCUSSION
This study provides several pieces of evidence that the p53-TIGAR metabolic axis suppresses glycolysis, which serves to enhance the competitive fitness of FA HSCs. Specifically, we show that (a) compared with WT HSCs, FA HSCs exhibit a p53-TIGAR-dependent glycolytic suppression; (b) the p53-TIGAR metabolic axis functions to ameliorate FA HSC exhaustion; (c) p53-TIGAR-dependent glycolytic suppression attenuates ROS, DNA damage, and chromosomal instability in FA HSCs; (d) although the p53-TIGAR metabolic axis is essential for maintaining FA HSC quiescence, p53-dependent cellcycle control is not required for metabolic reprogramming in FA HSCs; (e) the rate-limiting glycolytic enzyme PFKFB3 specifically antagonists p53-TIGAR metabolic function in FA HSCs. Glycolysis is the preferential metabolic program utilized by HSCs to produce ATP, whereas mitochondrial OXPHOS is more active in hematopoietic progenitors [43] . One interesting observation of our study is that the reduced glycolysis is Figure 6 . PFKFB3 specifically antagonizes p53-TP53-induced glycolysis regulator metabolic function in Fanconi anemia (FA) hematopoietic stem cells (HSCs). (A): Lentiviral mCherry-PFKFB3 transduction and FACS sorting. LSK cells isolated from wild-type, Fanca −/− , p53 −/− , or p53 −/− Fanca −/− mice were transduced with lentiviral vector expressing mCherry or mCherry-PFKFB3. Flow plots after FACS sorting for mCherry are shown. The sorted mCherry + cells were then subjected to ex vivo expansion for 72 hours followed by the analyses described below. (B): Expression of PFKFB3 in transduced HSCs. Cells described in (A) were gated for mCherry + SLAM population and RNA was extracted for q-PCR analysis for PFKFB3 expression. Samples were normalized to the level of GAPDH mRNA (n = 6 per group). (C): Overexpression of PFKFB3 increases Fru-2,6-BP production. Cells described in (A) were gated for mCherry + SLAM population and analyzed for F26BP by MicroAssay. (D): Overexpression of PFKFB3 increases PFK1 activity. Cells described in (A) were gated for mCherry + population and subjected to analysis for PFK1 activity. (E): Overexpression of PFKFB3 increases intracellular GSH. Cells described in (A) were gated for mCherry + population and subjected to GSH assay. (F): Overexpression of PFKFB3 increases ROS. Cells described in (A) were gated for mCherry + population and subjected to analysis for ROS by flow cytometry. Representative plots (left) and quantification (right) are shown (n = 6 per group); *, p < .05; **, p < .01.
